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Eﬀect of soybean processing on cell wall porosity
and protein digestibility†
Mostafa Zahir, Vincenzo Fogliano and Edoardo Capuano*
Apart from the presence of antinutritional factors, digestibility of soybean proteins is limited in intact cells
by cell wall permeability to proteolitic enzymes. Food processing may modulate cell wall permeability and
hence the accessibility of protease enzymes to intracellular proteins. In this study, soybeans were pro-
cessed in various ways, e.g. cooking applied alone or with either germination or fermentation processes,
and the modiﬁcation in cell wall permeability was investigated using confocal microscopy to visualize the
penetration of FITC-dextran probes into isolated cells/cell clusters. Diﬀusion of ﬂuorescently labelled
trypsin into cells and cell clusters was also monitored. Microscopy observations showed that fermentation
and germination as well as proteolitic enzymes increase the permeability of boiled soybean cotyledon
cells. The diﬀusion of trypsin into all the isolated cells was observed at an early stage of simulated in vitro
digestion, whereas diﬀusion into cell clusters was delayed due to a bigger size and limited permeability of
cell clusters. A modest, although signiﬁcant, increase in protein digestibility was observed when boiling
was combined with fermentation or germination likely due to pre-digestion of storage proteins and inacti-
vation of trypsin inhibitors. This study highlights the positive role of fermentation and germination in
improving protein digestibility in soybeans but overall suggests that cell wall permeability to trypsin plays a
minor role in the extent of protein digestion of intact soybean cells.
1. Introduction
Legumes are important sources of proteins in human diets,
but their bioavailability is often lower than that of animal pro-
teins. An eﬃcient protein utilization by humans is an essential
pre-requisite for protein nutritional quality and even a strategy
to fulfil the growing global demands for proteins, especially in
developing countries.1–3 Soybeans are one of the major
sources of plant proteins.1 It is well known that the digesti-
bility of soybean proteins is aﬀected by the presence of trypsin
inhibitors4 but recently the role of the structural integrity of
cell walls has emerged. An intact cell wall is thought to act as a
barrier reducing the accessibility of the digestive proteases to
the intracellular proteins.5
Heat treatment is the main process applied to soybeans in
order to make them edible. However, due to the substantial
amount of energy required, long thermal processing (namely
>3 hours) is an unaﬀordable technique, especially in some
developing countries.2,6 It has been postulated that the combi-
nation of heat treatment and relatively inexpensive treatments
such as fermentation or germination may enhance the bioac-
cessibility of soybean proteins during digestion. The improved
digestibility is attributed to “pre-digestion” of storage proteins
into smaller peptides and inactivation of trypsin inhibitors.7–9
The natural porosity of the cell wall can be greatly enhanced
by thermal treatments but also modulated by milder proces-
sing like germination or fermentation. During cooking,
legume cotyledon cells tend to separate as a result of the
partial solubilization of pectin within the middle lamella that
glued adjacent cells. This in turn aﬀects the structural integrity
of cell walls.10 A major change in the cell wall structure is pre-
dicted when other food processes (i.e. fermentation or germi-
nation) are applied to legumes. Previous studies have
suggested that both microorganisms and microbial proteolytic
and carbohydrate-degrading enzymes during fermentation
may cause cell wall polysaccharide degradation or solubil-
isation, and thus modify their architecture.11,12 In the same
manner, other studies have pointed out that cell wall polysac-
charides are mobilized during the germination process as a
result of the metabolic reactions naturally occurring.13,14
There is very limited information about the net impact of
cooking and the combined eﬀect of heating and fermentation/
germination on the changes in plant cell wall porosity and per-
meability. In particular, it is not known if and how it is poss-
ible to use the combination of cooking and fermentation/ger-
mination to modulate the rate of protease enzyme diﬀusion
through intact cell walls and plant tissues. Therefore, in this
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study, we examined the changes in the permeability of cell
walls of processed soybean cotyledon cells after the boiling
process alone or in combination with other food processes (i.e.
fermentation or germination) or after an in vitro digestion
process using FITC-dextran probes (20 kDa, 40 kDa, 70 kDa,
and 150 kDa). We further investigated the diﬀusion of fluores-
cently labelled trypsin into cells in processed and digested soy-
beans. The changes in protein digestibility as aﬀected by the
applied processing procedures were also explored and corre-
lated with the changes in cell wall permeability.
2. Materials and methods
2.1 Materials
Dried soybean seeds were purchased from De Vlijt
(Wageningen, The Netherlands) and stored at room
temperature.
Amyloglucosidase (3300 U mL−1) and an integrated Total
Dietary Fiber Assay Kit (K-RINTDF 09/18) were purchased from
Megazyme (K-TSTA, Megazyme, Co. Wicklow, Ireland).
Pectinase from Aspergillus niger (P2736), fluorescein isothio-
cyanate conjugate tagged dextran (FITC-dextran) of four
diﬀerent molecular weights (20, 40, 70, and 150 kDa), calco-
fluor white, rhodamine B, bodipy 505/515, Nile red, trypsin
(porcine pancreas 1000–2000 U mg−1), α-chymotrypsin (bovine
pancreas ≥40 U mg−1), pepsin (porcine gastric mucose
3200–4500 U mg−1), pancreatin (P1750, 4X USP), Porcine bile
extract (B8631), pefabloc® SC, sodium dodecyl sulfate (SDS),
o-phthaldialdehyde (OPA), DL-dithiothreitol (DTT), and L-serine
were purchased from Sigma-Aldrich, (USA). Trichloroacetic
acid (CAS 76-03-9) and disodium tetraborate decahydrate (CAS
1303-96-4) were bought from Merck & Co. (Darmstadt,
Germany). An Alexa Fluor™ 488 Protein Labeling Kit (A10235)
was purchased from Invitrogen (Carlsbad, CA, USA). NuPAGE®
4–12% Bis-Tris Gels, NuPAGE® LDS sample buﬀer (4× concen-
trated), reducing agent (10× concentrated), MES running
buﬀer and Mark 12 Unstained Standard for SDSPAGE analysis
were provided by Thermo fisher scientific (Van Allen Way
Carlsbad, CA, USA). Other chemicals used in this study were of
reagent grade.
2.2 Sample preparation
2.2.1 Thermal processing of soybean cotyledon. Dried
soybean seeds (100 g) were soaked for 12 hours in 300 ml of
tap water at room temperature to simulate soybean domestic
preparation. The excess water after soaking was discarded and
the seed coat was removed manually along with embryo. The
dehulled cotyledons were prepared in fresh tap water (1 : 3
w : v) in laboratory bottles and boiled at 100 °C for 3.5 hours
using a water bath. Our previous work has shown that a pro-
longed cooking time is necessary to induce cell separation
whilst facilitating intact cell isolation from soybeans.5
2.2.2 Preparation of cotyledon cell clusters and isolated
intact cells. The procedure of isolation of cotyledon cell clus-
ters and intact cells was adapted from the method reported by
Dhital et al.15 and described in detail in our previous work.5
Briefly, the boiled cotyledons were gently mashed using a
mortar and pestle and subsequently subjected to wet sieving.
The fraction of particles with a particle size range of
180–315 µm was obtained and used as the cell cluster sample.
The confocal microscopy observations confirmed that the frac-
tion in the size range of 45–71 μm is mainly constituted of free
intact cells; this fraction will represent the boiled cotyledon
intact cells hereafter indicated as BC.
2.2.3 Soaking in salt and pectinase treatment. Soaking in
salt and pectinase treatment served as comparative models for
inducing cell wall permeability. Soaking in salt was carried out
as described in section 2.1.1 replacing the water with a solu-
tion containing 0.5% NaHCO3, and 2.5% K2CO3, (w/v).
Pectinase treatment was carried out as follows: a set of cell
clusters of soaked and cooked cotyledon in water (10 g) was
mixed with 5 mL acetate buﬀer (pH 5.5) and treated with
200 µl of pectinase for 2 h at 40 °C under constant agitation.
The pectinase from Aspergillus niger used here contains
mainly pectintranseliminase, polygalacturonase, and pectines-
terase and small amounts of hemicellulases and cellulases
(information from the manufacturer).
2.2.4 Cotyledon cell fermentation. Intact cells of cotyledon
previously boiled (BC) were fermented to prepare a boiled-fer-
mented cell sample. The fermentation was carried out with
the method described by Silva, et al.16 with some modifi-
cations. Two hundred mg of dried commercial baker’s yeast
(Saccharomyces cerevisiae) was mixed with 30 g of BC (∼75%
moisture). The sample was then fermented at 40 °C for 60 h in
a laboratory incubator. The fermented sample was washed
thoroughly with water and the soluble material was removed
through filtration using Whatman® glass-fibre and the
remaining pellet was immediately used for the diﬀusion
experiment or dried in an oven at 60 °C for 2–4 h before use in
the digestion experiment. The drying step allowed normalizing
the protein content of the sample prior to the simulated diges-
tion and avoided the underestimation of the contribution of
the fermentation process in protein solubility or pre-hydro-
lysis. This sample will be hereafter indicated as boiled cells fer-
mented (BCF).
2.2.5 Germination and cell isolation. Dried seeds were
washed in running tap water and disinfected with 0.07%
sodium hypochlorite before soaking in tap water (1 : 3 w : v)
for 6 h. The excess soaking water was then drained oﬀ and
the seeds were placed on a paper in trays. Samples were ger-
minated for 4.5 days at 27 °C in darkness using a laboratory
incubator. Water was spread on the seeds once daily to
provide a moist atmosphere during sprouting. The germi-
nated seeds that have the same length of sprouts were care-
fully collected to ensure a homogeneous sample, the sprouts
and seed coats were removed and the cotyledons were then
washed thoroughly with water. The cleaned cotyledons were
boiled at 100 °C for 3.5 hours followed by mashing and
sieving as described above in section 2.2.1 to obtain isolated
intact cells of germinated–boiled cotyledons (referred to
as GBC).
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2.3 BC, BCF, and GBC chemical composition analysis
Prior to the analysis of the chemical composition, samples
were subjected to intense milling to break down the cell struc-
ture and to avoid underestimation of the macronutrient
content. Samples were analysed in triplicate for moisture, in-
soluble and soluble dietary fibre (IDF), lipid, protein, starch,
and ash contents using standard analytical methods. The
moisture content for all samples was determined based on a
standard oven drying method at 105 °C for 24 h. The insoluble
dietary fibre (IDF) and soluble dietary fibre (SDF) including
carbohydrate were approximately estimated by an enzymatic-
gravimetric method using the rapid integrated total dietary
fibre assay kit (AOAC Method 2017.16). Total lipid determi-
nation was performed with automatic Soxhlet using hexane as
a solvent. The protein content was analyzed based on the
Dumas method using a Flash EA 1112 NC analyzer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) following the manu-
facturer’s protocol. For the determination of total ash, the
AOAC method, 2000 was employed. Starch content was deter-
mined by a Total Starch Assay Procedure (amyloglucosidase/
α-amylase method, Megazyme Inc, Bray, Ireland).
2.4 BC, BCF, and GBC microstructural characterisation
Microstructural characteristics of BC, BCF, and GBC cells were
visualized using a confocal scanning laser microscope (CLSM)
type 510 (Zeiss, Oberkochen, Germany) according to the pro-
cedure reported in detail in our previous study.5
2.5 Microscopy observation of dextran probe permeation in
processed soybean cells
Fluorescein isothiocyanate dextrans (FITC-dextran) of four
molecular weights 20, 40, 70 and 150 kDa were dissolved in
phosphate-buﬀered saline (PBS) at pH ∼ 7.0 to a final concen-
tration of 2 mg mL−1. One mL of each FITC-dextran solution
was added to 100 mg of suspension of the freshly prepared
sample (cells clusters/isolated cells) in microcentrifuge tubes.
The microcentrifuge tubes were covered with aluminium foil
and then were incubated at 37 °C in a laboratory incubator
with constant mixing for 4 h to simulate the gastric and duo-
denal digestion time. The cell pellet (∼30 µg) of each sample
was then taken at the end of incubation and homogenized
with 30 µl of rhodamine B (0.001% v/v in deionized water) and
then placed on a glass slide. The penetration of FITC-dextran
into the cells was visualized using CLSM. All imaging was per-
formed with a 30 mW argon ion laser at 6.0 v (40%) power
with excitation of 488 nm for FITC dextrans, and a 1 mW
HeNe laser at 30% power with excitation of 543 nm for detect-
ing protein bodies stained with rhodamine B. Images were
acquired using 20× (N.A. 0.5) objective lenses and analysed
with ZEN blue 2.3 edition software.
2.6 Cell wall porosity evaluation during the food digestion
process
To investigate whether the simultaneous presence of proteases
would facilitate intracellular diﬀusion of the molecular probes,
trypsin and chymotrypsin and dextran probes were simul-
taneously added to the mixture of the aqueous medium and
the boiled cotyledon cells (the control cells sample) during the
dextran diﬀusion experiment. Enzyme solutions were prepared
as recommended in the INFOGEST protocol.17 The diﬀusion
experiment was carried out only for 2 h to simulate the time of
intestinal digestion as described in section 2.5.
2.7 Microscopy observation of pancreatic trypsin diﬀusion
2.7.1 Fluorescent trypsin labelling. Trypsin from porcine
pancreas (2 mg ml−1) was labelled with Alexa Fluor® 488 reac-
tive dye according to the manufacturer’s instructions (Life
Technologies, #A10235). Labelled trypsin with dye was separ-
ated and purified from unincorporated dye using the provided
column and the coloured fraction was collected. The degree of
labelled trypsin was determined before storage at −20 °C until
its use.
2.7.2 Diﬀusion experiment and microscopy observation.
Fifty mg of suspension of a freshly prepared sample (cell
cluster/intact cells) was immersed in 250 µL of simulated intes-
tinal fluid. The pH of the suspended sample was normalized
to be at 7.0 with 1 M NaOH. Fifty µL of labelled trypsin
(0.57 mg mL−1) was then added to the mixture and incubated
at 37 °C under constant agitation for 30, 60, and 120 min (indi-
vidual microcentrifuge tubes were used per each time point).
After each time point, the sample was immediately subjected
to filtration through Whatman® glass-fibre filter and the
remaining pellet of cells was washed with deionized water
several times before CLSM visualization. For slide preparation,
Nile red that dissolved in methanol (1 mg mL−1) was used to
stain and localize oil bodies. Thirty µl of the solution dye was
added to 30 µl of sample suspension and homogenized before
placed on the slide. The penetration of the labelled trypsin
into cells was visualized using CLSM. The excitation wave-
length of a 30 mW argon ion laser was set at 488 nm emission
at 6.0 v (40%) power to detect labelled trypsin and the 1 mW
HeNe laser at 30% power was set at 543 nm excitation to detect
oil bodies that were stained with Nile red. The flour of particle
size 180–315 µm that was obtained from boiled soybean coty-
ledon at 100 °C for 30 min was set as a control sample.
2.8 In vitro protein digestion
In vitro protein digestion experiments were performed follow-
ing the recommendation of the harmonized COST INFOGEST
protocol17 as described in our previous study.5 In brief, the
freshly prepared cotyledon cells (BC, BCF, and GBC) were pre-
viously dried as described in section 2.2.4 to normalise the
protein content and then subjected to gastric and intestinal
simulated digestion. Samples were first mixed with the simu-
lated salivary fluid (SSF – without adding salivary α-amylase).
The mixture of the sample and SSF fluid was combined with
simulated gastric fluids containing pepsin solution. The pH of
the mixture was adjusted to 3.0 and incubated at 37 °C. After
2 h incubation for the gastric phase, the gastric chyme was
mixed with simulated intestinal fluid (SIF) containing fresh
bile and pancreatin solution. The intestinal digestion phase
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was started by adjusting the pH to 7.0 and incubated at 37 °C
for 2 h. An aliquot (500 µL) was taken at 30, 60, 90 and
120 min of intestinal digestion and mixed with 8 µL of pro-
tease inhibitor Pefabloc® (5 mM) to stop enzyme activity
before subsequent storage at −20 °C until further analysis.
2.9 Free α-amino groups released (NH2) and quantification
of protein digestion
Peptides and amino acids were separated from larger proteins
through the use of TCA precipitation followed by a filtration
step prior to the reaction with o-phthaldialdehyde (OPA) as
described previously in ref. 5,18. The free α-amino group
content in the TCA-supernatant was determined based on the
o-phthaldialdehyde (OPA) method19 as described in detail in
our previous study.5 Briefly, the OPA solution (200 mL) con-
taining 7.620 g disodium tetraborate decahydrate, 160 mg
o-phthaldialdehyde, sodium dodecyl sulfate (SDS) and 176 mg
of 99% dithiothreitol (DTT) was freshly prepared. The reaction
between α-amino groups released in the TCA-supernatant and
OPA reagent was started by mixing 400 µL of each of the tested
samples with 3 mL of the OPA reagent. The reaction mixture
was allowed to stand for exactly 2 min before determining the
absorbance of the adduct at 340 nm. The free amino group
concentrations in the in vitro digested sample (NH2 (final)),
completely hydrolysed sample in 6 N HCl at 110 °C for 24 h
(NH2 (acid)) and in the undigested samples (NH2 (initial) that
correspond to the oral phase (2 min) were determined with
reference to a calibration curve constructed using L-serine
(12.5–100 mg L−1). The degree of protein hydrolysis (DH%)
was estimated according to the following equation:
DH% ¼ NH2 finalð Þ  NH2 initialð Þ
NH2 acidð Þ  NH2 initialð Þ  100:
2.10 SDS-PAGE analysis of protein profiles
Protein was first extracted from undigested and digested cells
(BC, BCF, and GBC) through an extraction buﬀer according to
Xia et al.20 with some modifications. Sixteen mL of extraction
buﬀer composed of SDS 1% (w/v), 25 mM phosphate-buﬀered
saline (PBS) and 100 mM NaCl, (pH 7) was mixed with four
grams of cells pellet. Subsequently, the mixture was homogen-
ized and then kept under constant sonication using an ultra
turrax (t 25 basic IKA WERKE) for 10 min in an ice bath fol-
lowed by filtration through Whatman® glass-fibre. The in-
soluble fraction was discarded and the protein content in all
supernatants was determined based on the Dumas method.
Protein concentrations were normalized to be 10 mg mL−1 in
each sample prior to SDS-PAGE analysis. SDS-PAGE analysis
was performed under reducing conditions in an XCell
SureLock™ Mini-Cell (Invitrogen Life Technologies) using a
4–12% polyacrylamide NuPAGE Novex bis-Tris 15-well.
Samples (2 µl) were diluted with 5 µl NuPAGE® LDS buﬀer (4×
concentrated), 2 µl a reducing agent (10× concentrated) and
MilliQ water (15 µl). The mixture was then mixed and sub-
sequently heated (70 °C) for 10 min. Samples (10 µl) were then
loaded onto the well. Mark 12 Unstained Standard (Invitrogen)
was used as a protein reference for molecular weight.
Electrophoretic separation was run in MES buﬀer that con-
tained 0.5 ml of NuPAGE™ Antioxidant at 60 V for the first
20 min and then at 100 V until the end of the run. Afterwards,
the gel was separated from the plastic plate and rinsed in de-
ionized water before staining with Coomassie Brilliant Blue-
G-250 solution for ∼2 h. The gel was then fixed in washing
buﬀer (10% absolute ethanol and 7.5% glacial acetic acid) for
∼2 h and the protein profiles were analysed by using Image
Lab software TM (Bio-Rad Laboratories, California, USA).
2.11 Statistical analysis
The data of the chemical composition analysis and DH% (at
each time of intestinal digestion) are presented as mean ±
standard deviation (SD) of at least three replicates. Statistical
significance between samples was assessed by repeated-
measures analysis of variance (ANOVA) using IBM SPSS stat-
istics 25 link (NY:IBM Corp). Significant diﬀerences (p < 0.05)
of means were determined by the Tukey test.
3. Results
3.1 Eﬀect of processing on dextran probe diﬀusion in
soybean cells
3.1.1 Soaking solution and pectinase treatment. Pectin
solubilisation is a vital factor in determining cell wall porosity
of soybeans.12 Hence a preliminary experiment was carried out
to monitor the diﬀusion of the molecular probes in boiled
samples previously soaked in a salt solution or previously
treated with pectinase. These samples were expected to
become more permeable to the probes compared to samples
previously soaked in water. Soaking in a salt solution has been
reported to increase bean softening.21 Beneficial eﬀects of
using salts soaking prior to cooking have been postulated to
remove divalent cations, particularly (Ca2+ and Mg2+) from
pectin of the middle lamella. The altered pectates are thought
to be more water-soluble and heat-labile; thus soaking in salt
may influence cell wall permeability of cooked beans as a
result of pectin solubilisation.22
Fig. 1 highlights the combined eﬀect of soaking solution
(water/salt) with boiling treatment as well as the eﬀect of
additional pectinase treatment on cell wall permeability. It is
evident in Fig. 1I and II that boiled samples previously soaked
in water or in a salt solution were impermeable to 20 kDa
dextran, except for a weak appearance of fluorescence for iso-
lated cells of the boiled sample soaked in a salt solution.
20 kDa dextran, on the other hand, was able to penetrate both
cell clusters and isolated cells after additional enzymatic treat-
ment with pectinase as presented in Fig. 1III. Compared to
20 kDa dextran, both cell clusters and isolated cells of pecti-
nase-treated samples show very limited permeability to 70 kDa
dextran (ESI – Fig. 1i†). The appearance of dextran probe
diﬀusion into the cells of pectinase-treated samples is also
noteworthy although the apparent intact cell wall was visual-
ized by calcofluor stain (light blue). This suggests that the
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dextran probe was able to penetrate pectinase-treated cells via
pores that occurred as a result of pectinase treatment rather
than mechanical damage of the cell wall structure which
might have occurred as a result of sample preparation.
3.1.2 Fermentation and germination. Fig. 2 demonstrates
that dextrans of molecular sizes 20, 40, 70 and 150 kDa were
able to penetrate soybean cells when fermentation or germina-
tion was employed as an additional process to boiling. The cell
morphology images in ESI – Fig. 3† show distinctive diﬀer-
ences between the cell wall of soybean cells prepared after a
combination of fermentation or germination with boiling (ESI
– Fig. 3b1 and c1†) compared to BC (ESI – Fig. 3a1†), possibly
due to chemical modifications induced by the additional treat-
ment. Furthermore, compared to the tightly packed environ-
ment of intracellular macronutrients that could be observed in
BC (ESI – Fig. 3a2†), the intracellular space adjacent to cell
walls in both BCF and GBC was degraded (ESI – Fig. 3b and
c†). In addition, the morphology of GBC showed that the
native microstructure organization of intracellular macronutri-
ents is lost and the size of protein bodies becomes smaller.
The presence of starch granules was identified only for GBC
using iodine solution for staining and light microscopy obser-
vation (data not shown). No purple-black staining was seen
when BC or BCF was examined. Table 1 highlights the changes
in the chemical compositions of the extracellular and intra-
cellular matrix of isolated cells upon soybean processing. A
Fig. 1 Confocal micrographs of FITC-dextran 20 kDa (visualized in green) permeation into the cell cluster and isolated cells; I: cells or clusters from
cotyledon boiled for 3.5 h and soaked in water; II: cells or clusters from cotyledon boiled for 3.5 h and soaked in salt, III: cells or clusters from coty-
ledon boiled for 3.5 h and soaked in water and then treated with pectinase. Protein bodies were stained with rhodamine B (visualized in red) and
used for the simultaneous visualisation of the dextran and the protein bodies within the intercellular matrix.
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remarkable change in the protein content of samples was
observed: BC contained 47.6% protein compared to 41.6%
found in RF. In contrast, BCF showed a decrease in protein
content from 47.6% to 40.7%. The same trend was observed
for the GBC sample, where the protein content was 37.7%. The
diﬀerence among the means of the protein content of samples
was statistically significant (p < 0.05). The lipid content was
higher in BCF (25.6%) and GBC (27.3%) compared to BC
(24.8%) and RF (21.5%). The lipid contents of samples were
also statistically diﬀerent (p < 0.05). As expected, processing
soybean and cell isolation decreased the contents of IDF and
SDF, but there was no significant diﬀerence between diﬀerent
isolated cells. Another remarkable change in the chemical
composition is the significant diﬀerence in starch content: in
line with the microscopy observation, GBC contained much
more starch (4.2%) as compared to the RF (0.8%). Starch
content of dry soybean seeds at maturity sharply declines to
<1% on a dry basis.23 The ash contents showed no significant
diﬀerence between the isolated cells and raw sample, and neg-
ligible changes were observed among the BC, BCF and GBC.
3.2 Eﬀect of the digestion process on dextran probe diﬀusion
in soybean cells
Fig. 3 shows the influence of trypsin and chymotrypsin in
modulating soybean cell permeability to the molecular probes.
As shown in Fig. 3, the addition of trypsin and chymotrypsin
to the aqueous medium during dextran probe diﬀusion
induced an extensive permeability of dextrans of molecular
sizes 20, 40, 70 and 150 kDa for BC cells which were imperme-
able to dextran diﬀusion (Fig. 1I) in the absence of proteases.
Thus, the results in Fig. 3 suggest that protease enzymes facili-
tate the penetration of the molecular probes within the cells.
3.3 Diﬀusion of labelled trypsin into soybean cells
Whereas the diﬀusivities of dextran probes of variable size were
used as a tool to characterize cell wall porosity, the key question
remains of whether digestive enzymes having a similar size to
dextran probes are able to trespass the cell wall barrier. Fig. 4
shows the passage of labelled trypsin into cell clusters (Fig. 4A)
and isolated cells (Fig. 4B). It is evident from Fig. 4A that trypsin
penetration into the cell cluster was not observed within the first
Fig. 2 Confocal micrographs of FITC-dextran 20, 40, 70, and 150 kDa (visualized in green) permeation into the cell of fermented boiled cotyledons
cells BCF (top panels) and cells of germinated–boiled cotyledons GBC (bottom panels).
Table 1 Chemical composition (%) of diﬀerent soybean samples
Samples Protein Lipid Starch IDF SDF/CHO Ash
RF 41.6 ± 0.7a 21.5 ± 0.9a 0.8 ± 0.06a 9.7 ± 0.3a 21.0 ± 0.9a 5.4 ± 0.6a
BC 47.6 ± 0.9b 24.8 ± 0.6 b 0.7 ± 0.02a 7.3 ± 0.4b 16.2 ± 0.6b 3.3 ± 0.3b
BCF 40.7 ± 1.9a 25.6 ± 0.4b 0.5 ± 0.08b 6.6 ± 0.5b 23.2 ± 1.2a 3.3 ± 0.1b
GBC 37.7 ± 1.5c 27.3 ± 0.3c 4.2 ± 0.18c 6.7 ± 0.5b 21.1 ± 0.4a 2.8 ± 0.3b
Values are expressed on a dry basis. Values marked with diﬀerent letters in each column are significantly diﬀerent (p < 0.05). Raw soybean
cotyledon flour (RF), boiled cotyledon cells (BC), fermented boiled cotyledon cells (BCF), germinated–boiled cotyledon cells (GBC), insoluble
dietary fibre (IDF) and soluble dietary fibre including carbohydrate (SDF/CHO).
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30 minutes of incubation (Fig. 4AI), but some fluorescence
accumulation was clearly seen in the space between adjacent
cells of the cluster starting from 60 minutes of incubation
(Fig. 4AII). After 2 h of incubation, labelled trypsin is found in
the intracellular environment of the cell cluster (Fig. 4AIII). By
contrast, a substantial amount of fluorescence is visible as early
as after 30 minutes of incubation of the isolated cells with
labelled trypsin regardless of the treatment applied (Fig. 4B).
3.4 Kinetics of protein hydrolysis
Fig. 5 shows the values of protein digestibility in BC, BCF and
GBC expressed as the degree of hydrolysis (DH%). The
samples showed diﬀerent kinetics of protein hydrolysis during
digestion and the diﬀerences in DH% were observed at 0, and
30 minutes of intestinal digestion. After 120 min of gastric
digestion, which corresponds to time zero of intestinal diges-
tion, the DH% in BCF was 3-fold greater (p < 0.05) when com-
pared with DH% observed for BC and GBC. As it is well known
that the hydrolysis of proteins by pepsin is very limited,24 the
higher DH% of BCF in the gastric phase demonstrates the role
of the fermentation process in “pre-digesting” proteins into
smaller peptides, and eventually leading to more digestible
proteins in the gastric phase. BC and GBC exhibited more or
less the same rate of proteolysis at initial stages of intestinal
Fig. 3 Confocal micrographs of FITC-dextran probe (visualized in green) permeation into the cell of boiled cotyledons when simultaneously
treated with trypsin and chymotrypsin.
Fig. 4 Confocal laser scanning observation of the diﬀusion of trypsin labelled with Alexa Fluor® 488 into processed soybean tissues. Top panels
(A): diﬀusion of labelled trypsin over 2 h into cell clusters obtained from cotyledons boiled for 30 min. Images were taken at 30 min (i), 60 min (ii),
and 120 min (iii). Bottom panels (B): labelled trypsin diﬀusion into boiled cotyledon cells (i), fermented boiled cotyledon cells (ii) and cells of germi-
nated–boiled cotyledons (iii). Images were taken after 30 min of incubation. Labelled trypsin is displayed with green colour; oil bodies were stained
with Nile red and are displayed with red colour inside the cells. Oil staining was used for the simultaneous visualisation of the labelled trypsin and
the oil bodies within the intercellular matrix.
Food & Function Paper
This journal is © The Royal Society of Chemistry 2020 Food Funct., 2020, 11, 285–296 | 291
O
pe
n 
A
cc
es
s A
rti
cl
e.
 P
ub
lis
he
d 
on
 2
0 
N
ov
em
be
r 2
01
9.
 D
ow
nl
oa
de
d 
on
 2
/1
7/
20
20
 7
:3
0:
31
 A
M
. 
 
Th
is 
ar
tic
le
 is
 li
ce
ns
ed
 u
nd
er
 a
 C
re
at
iv
e 
Co
m
m
on
s A
ttr
ib
ut
io
n 
3.
0 
U
np
or
te
d 
Li
ce
nc
e.
View Article Online
digestion; however, a significantly higher DH% was observed
after 60 min and 90 min in GBC compared to BC (p < 0.05).
The observed diﬀerences in DH% at the end of the intestinal
digestion were small but statistically significant (p < 0.05)
among samples, suggesting that either germination or fermen-
tation could be employed along with heat treatment for
improving the rate and extent of soybean protein digestion.
3.5 Protein profiles before and after in vitro digestion
Fig. 6 shows the protein profiles of the isolated cells before
and after in vitro digestion in comparison with the protein pro-
files of the raw sample. As expected, the raw sample (lane 1)
showed a typical protein profile made up of several polypep-
tides in the molecular weight range of 10 to 140 kDa.25 The
observed bands with estimated molecular weights between 90
and 92 kDa had been described as lipoxygenase isoforms 1, 2,
and 3.26 The bands appearing at approximately 83.2, 72.4, and
48.4 kDa, probably corresponding to α, α′, and β subunits of
β-conglycinin, and the bands appearing around 36.5 and
21.5 kDa might belong to acidic and basic subunits of glyci-
nin.27 The protein band patterns of isolated cells before diges-
tion indicated that the intensity of major bands was generally
reduced as an eﬀect of the process applied. This may be due to
the molecular degradation of the major storage proteins,
(β-conglycinin and glycinin) that has taken place during
boiling, fermentation or germination as seen in lanes 3–5.
Regardless of the general disappearance of major bands in the
isolated cells, the bands around 38.5 kDa remained visible
only for BC, whereas the bands at approximately 21 and
24 kDa were observed for both BC (lane 3) and GBC (lane 5)
but with slightly diﬀerent intensity. The band of molecular
weights around 21 kDa was previously identified as trypsin
inhibitor subunits.28,29 Moreover, the increased intensities of
oligopeptides with molecular weight <14 kDa in BCF (lane 4)
could be the product of partial protein hydrolysis by proteo-
lytic enzymes produced during fermentation. The new bands
at 26 kDa in GBC might originate from the proteolysis of
soybean storage proteins during germination.26
Noteworthy diﬀerences were found between protein profiles
of cells before and after digestion. The intensities of the oligo-
peptides with molecular weight <17 kDa are increased for the
remaining pellet of digested samples. Furthermore, new bands
having molecular weights ∼24, 36, 38, and 52 kDa were also
observed. These bands probably correspond to incomplete
protein degradation during digestion or to the digestive
enzymes used during in vitro digestion. The band around
36 kDa, for instance, might belong to pepsin, while the bands
51–54 kDa, 38 kDa and 23–27 kDa might correspond to pan-
creatin enzymes including trypsin, amylase, lipase, ribonu-
clease, and protease.29,30 Nonetheless, the protein profiles of
the remaining pellet of cells after digestion (lane 6–8), showed
no visible diﬀerences between BC, BCF, and GBC.
4. Discussion
An intact cellular structure has been identified as a critical
factor aﬀecting the rate and extent of soybean protein digestion,
presumably as a result of the barrier eﬀect exerted by an intact
cell wall in limiting the passage of digestive enzymes.5
Industrial and domestic processing used to make soybeans
edible may modulate cell wall permeability and thus the
diﬀusion of digestive enzymes through cell walls. The results of
this study showed the eﬀects of processing techniques on cell
wall permeability in soybean cotyledon cells and how these
changes may contribute to the extent of protein digestibility.
4.1 Food processing induce soybean cell wall porosity and
permeability
The primary cell wall of soybeans is a complex structure
formed by a network of polysaccharides and structural pro-
teins. Soybean cell wall polysaccharides are mainly composed
Fig. 5 Degree of protein hydrolysis (DH%) of isolated soybean cells
during duodenal digestion BC: boiled cotyledon cells, BCF: fermentation
boiled cotyledon cells; GBC: cells of germinated and boiled cotyledons.
Fig. 6 SDS-page protein proﬁle of isolated cells before and after
in vitro digestion compared to the raw soybean protein proﬁle (RS). Lane
1 and 9 (MK): standard molecular markers, lane 2: raw soybean (RS); lane
3: boiled cotyledon cell (BC); lane 4: fermented boiled cotyledon cells
(BCF); lane 5: cells germinated and boiled cotyledons (GBC); lane 6–7:
undigested pellet of cells after in vitro digestion of BC, BCF and GBC,
respectively.
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of pectin (50–70% on cell wall weight), hemicellulose and cell-
ulose. The amount of protein represents 2.1% of the water
unextractable solids of isolated cell wall material.12,31 The
adhesion between soybean cells is ensured by a pectin-rich
layer known as middle lamella. Consequently, degradation or
solubilisation of cell wall pectin is expected to alter the cell
wall permeability.10,12 A striking confirmation of this hypoth-
esis was obtained by the increase in cell wall permeability of
soybean cells to FTIC-dextran probes observed after the treat-
ment with pectinase (Fig. 1IIIA and ESI – Fig. 1†). A more
modest increase can be observed after soaking in salt which is
known to solubilize the pectates of the middle lamella.22
Apparently cooking soybean cotyledons previously soaked in
water or salt solution had no significant eﬀect on 20 kDa
dextran diﬀusion inside the soybean cells (Fig. 1I). Cells of
boiled soybeans were impermeable to 20 kDa dextran, and the
pore size of boiled soybean cells was therefore estimated to be
below 20 kDa. This is below the cell wall pore size reported for
raw and roasted almonds,32 selected commercial pulses,33 and
cooked kidney beans treated with acid/alkali:34 almonds and
commercial pulse cells were reported to be permeable to
20 kDa probes, while acid/alkali treated kidney beans showed
permeability to a probe of 150 kDa. ESI – Fig. 2† suggests,
however, that the limited permeability of boiled cells is likely
the result of a relatively short exposure time to the probe and
that penetration of dextrans of molecular weight 20 and
70 kDa into boiled cells is eventually achieved after 24 h
exposure.
Compared to the limited permeability of boiled cells, the
extensive permeability of fermented and germinated soybean
cells to dextrans of high molecular sizes showed in Fig. 2 is
most likely due to partial degradation/solubilisation of pectin
and other polymers of the cell wall that could have occurred
during fermentation and germination. The apparent physical
damage or changes in the cell wall structure (less eﬃciency of
calcofluor white staining) reported in ESI – Fig. 3 panels b and
c† provided further evidence of such cell wall modification. It
has been reported that soybean germination mobilizes fibre
fractions and results in losses of the primary cell wall com-
ponents12 and the primary cell wall can also be aﬀected by the
fermentation process and becomes more soluble.9
Despite the fact that the cell wall is the primary barrier for
the passage of dextrans into cells, the relatively compact intra-
cellular environment may serve as an additional barrier for
probe permeability and delays its diﬀusion in intact plant food
cells. The limited permeability of 20 kDa dextran to densely
packed cells of BC as shown in Fig. 1IIB and the extensive per-
meability of dextran of molecular sizes 20, 40, 70 and 150 kDa
for loosely packed cells of BCF and GCB samples as illustrated
in Fig. 2 appear to support this conclusion. A previous study
has reported that the loosely packed cells of acid/alkali-treated
potato showed extensive permeability to probes of 150 kDa.34
4.2 Food digestion process modulates cell permeability
Germination and fermentation of soybeans both increased cell
wall permeability to molecular probes (Fig. 2). A similar eﬀect
was found when protease enzymes were added during the
probe diﬀusion experiment (Fig. 3). The role of digestive
enzymes, especially trypsin and chymotrypsin, during the
digestion process in facilitating probe penetration within
intact cells was demonstrated for the first time in the present
study by CLSM visualisation. Although the exact mechanism of
this eﬀect is still unknown and is under investigation, we
hypothesize that the main cause may be the hydrolysis of intra-
cellular proteins providing space for probe penetration in the
cells. However, we cannot rule out the possibility that the
digestion of structural proteins from the cell wall might have
increased cell wall permeability. There is evidence that the
denaturation of structural cell wall proteins as an eﬀect of the
thermal treatment (as occurring in our samples as an eﬀect of
boiling) may facilitate their removal from the cell wall and
this, in turn, facilitates the solubilization of cell wall polysac-
charides.35 This may increase indirectly the permeability of the
cell wall. Additionally, an early study reported that digestion of
nitrogen associated with cell walls is possible during passage
through the gastrointestinal tract of monogastric animals.36
On the other hand, however, the soybean cell wall is relatively
poor in proteins.31
4.3 Soybean cell permeability and pancreatic trypsin
diﬀusion
Despite diﬀerences observed in cell wall permeability to
dextran probes between BC and BFC and GBC, experiments
with labelled trypsin, which has a radius of gyration similar to
20 kDa probes, showed a diﬀerent behaviour. The diﬀusion of
labelled trypsin within plant cells is reported in this study for
the first time, after similar investigations on the diﬀusion kine-
tics of amylase32 and lipase.29 In fact, labelled trypsin rapidly
accumulated in all the isolated cells regardless of the process
applied, with substantial fluorescence observed inside the cells
already after 30 minutes of incubation. This behavior is
diﬀerent compared to pancreatic amylase which is reported to
be strongly hindered by intact cell walls.37,38 This diﬀerence
may be explained by the smaller size of trypsin compared to
other digestive enzymes or by hypothesizing that trypsin can
“eat its way” through the cell wall or, most likely, the intracellu-
lar space as evidenced in Fig. 3. Notably, trypsin seems to be
evenly distributed within the isolated cells with no specific
accumulation on the cell wall material as reported e.g. for
amylase. It is likely that boiling had also increased the per-
meability of cells to trypsin but a comparison with raw cells was
not possible because the procedure of cell isolation requires a
heating treatment. A previous study has shown an increase in
labelled pancreatic α-amylase diﬀusion into isolated cells of the
common bean upon long thermal processing times.39 However,
Fig. 4A shows that penetration of labelled trypsin within cell
clusters obtained after boiling soybean tissues for 30 minutes
(i.e. much milder treatment compared to the 3.5 hours boiling
necessary for cell isolation) is slower compared to isolated cells
and fluorescence starts to appear only after 60 minutes of incu-
bation. This is likely because the limited pectin solubilisation
oﬀered a stronger barrier to trypsin.
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4.4 Fermentation and germination processes enhance
protein digestibility in soybean
Data of Fig. 5 on proteins DH% showed that the large increase
in permeability of isolated cells to trypsin only results in a
modest, albeit significant, increase in protein digestibility in,
BCF and GBC compared to BC. The lowest estimated DH%
values were observed for BC cells which are the least per-
meable to trypsin. Clearly, the kinetics of protein hydrolysis
does not only depend on cell permeability. BC cells were
tightly packed with intracellular compounds as could be seen
in ESI – Fig. 3a,† whereas BCF cells and GBC cells showed a
loosely packed intracellular environment due to a combination
of fermentation and germination processes with heating treat-
ment (ESI – Fig. 3b and c†). This is in line with our previous
study5 where it was shown that the tightly packed environment
of intracellular space can contribute to limiting the protein
digestibility in raw and cooked soybean cells.
Factors such as the presence of trypsin inhibitors, level of
protein denaturation, and inherent susceptibility to protease
hydrolysis can also be responsible for limited protein
digestibility.40,41 The appearance of oligopeptides with mole-
cular weight <14 kDa for BCF (Fig. 6 lane 3), which is the likely
result of storage proteins hydrolysis to smaller peptides by the
action of endogenous enzymes during fermentation, was
associated with higher protein digestibility after gastric diges-
tion of BFC compared to the other two samples. The results
from the SDS-page in Fig. 5 suggest that boiling reduced the
intensity of the band of molecular weight around 21 kDa
which corresponds to trypsin inhibitor subunits (Fig. 6 lane 1
compared to lanes 2, 3 and 4) and thus its partial inactivation.
This may have contributed to the slow rate of protein digestion
at initial stages of intestinal digestion of BC and GBC.
However, the same band disappeared after fermentation likely
through hydrolysis during fermentation. Regardless of the
similar appearance of the 21 kDa band for GBC and BC, a
faster rate of protein hydrolysis was observed for GBC com-
pared to BC. The relatively small size of protein bodies as
could be seen for GBC in ESI – Fig. 2c† might represent a
favourable condition for a faster hydrolysis of proteins in the
intestinal phase. Previous studies have also shown that food
processing such as fermentation and germination improves
the overall protein digestibility in soybeans.8,9,42 Here we show
that boiling alone or combined with fermentation and germi-
nation increases cell permeability to trypsin and this eﬀect
may contribute to increasing protein digestibility together with
protein pre-digestion during fermentation, or inactivation of
trypsin inhibitors.
5 Conclusions
The present study demonstrates the influence of soybean pro-
cessing on cell permeability to molecular probes and trypsin.
In particular, we provided evidence that the combination of
heat treatment with germination and/or fermentation can
modify the permeability of soybean cells. In addition, we have
demonstrated for the first time that the soybean cells became
more permeable during the digestion process, perhaps as a
result of cell wall protein hydrolysis or, more likely, through
the digestion of intracellular proteins. Despite increasing cell
permeability to trypsin, fermentation and germination only
limitedly increase protein digestibility in intact soybean cells
and this increase is partially due to pre-digestion or intracellu-
lar proteins, including trypsin inhibitors. On the other hand,
the bigger size of large cell clusters delays the diﬀusion of
trypsin inside the cells. This observation contributes to
explaining the inverse relationship between the particle size
and protein digestibility in soybeans previously reported.5
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